The serpent (srp) gene, also known as ABE codes for a GATA-Iike transcription factor and is involved in the transcriptional activation of Adh in the larval fat body or adipose tissue. Here, we describe the tissue-specific distribution of SRP protein in various stages of embryonic development and describe srp's role in early fat-cell development. SRP protein was detected in the progenitor fat-body cells and is present in the developing fat-body cells and in the mature embryonic fat body. An analysis of srp embryos revealed a gradual loss of precursor fat cells that is likely due to apoptosis. Within the fat-cell lineage, srp is necessary for progression through early stages of fat-cell development and may be involved in the transactivation of genes necessary for fat-cell differentiation.
Introduction
We have traced the development of the Drosophila fat body from its progenitor cells to the fully differentiated fat body in mature embryo (Hoshizaki et al., 1994) . Using known genes and other cell markers, we have identified the various stages of fat-body development starting from stage 10/11 (stages are those of Campos-Ortega and Hartenstein, 1985) . The progenitors to the fat body are present as 9-bilateral clusters of cells within the mesoderm of stage 10/11 embryos. One gene likely to be expressed in these cells was cloned as a Box-A binding factor gene (ABF) and as T-A7.1, a target gene of Ultrabithorax (Mastick et al., 1995; A.J. Lopez, pers. commun.) . This gene has also been identified genetically as the gene serpent (srp) (Jurgens et al., 1984; Reuter et al., 1995; A.J. Lopez, pers. commun.) , srp mutants have a larval cuticle defect (Jurgens et al., 1984) and the midgut fails to develop due to the inability of the endoderm to undergo differentiation (Reuter, 1994) . srp codes for a single zinc-finger protein (dGATAb, according to Abel et al., 1993) and is a member of the GATA DNA-binding transcription gene family (Orkin, 1992) . SRP binds to the Box-A regulatory element that is necessary for fat-cell specific expression of the larval alcohol dehydrogenase 1 gene (Adh-1). In cotransfection experiments, SRP can function as a transcriptional activator protein through the Box-A fat-cell enhancer . During larval development, srp is likely to be involved in the transcriptional activation of the alcohol dehydrogenase gene (Adh) in the fat body.
Recently, srp has been implicated in the folliclespecific transcription of the divergently transcribed yolk protein genes (Ypl and Yp2) (Lossky and Wensink, 1995) . Present in the promoter region of both Yp genes is a single 12-base sequence necessary for expression in the follicle cells. Contained within this sequence are two GATA sites that are recognized by recombinant SRP protein. In the follicle cells, srp appears to be expressed as an alternately spliced or initiated RNA that creates an ovary-specific isoform of SRP protein. These data suggest that in the ovary, SRP serves as a tissue-specific transcriptional activator of genes expressed in the follicle cells.
We have undertaken an examination of srp's role in the development of the embryonic fat body. srp transcripts are detected, albeit in low levels, in the developing embryonic fat-body cells. Adh is first expressed in the fatbody cells at stage 15 and srp may be involved in the transactivation of Adh in these cells . srp transcripts, however, are also present at a much earlier stage in nine bilateral clusters of cells that we have shown are the progenitors to the fat body. It is possible srp has a role in controlling earlier stages of fat-body development. We report a detailed description of the tissue-specific distribution of SRP protein throughout embryogenesis and further describe srp's role in embryonic development. Here, we show srp is necessary for progression through early fat-body development and is likely necessary for establishing the hemocytes.
Results

Temporal and spatial pattern o f SRP protein
In a previous study, in situ hybridization was used to characterize the temporal and spatial expression of Adh during embryogenesis (Hoshizaki et al., 1994) . We established that within the fat-body cell lineage, Adh transcripts are first detected in the late stages of the fat-body developmental program during the final phase of stage 14. srp transcripts are also expressed in the fat-body and are detected in nine bilateral clusters of cells that represent the progenitor fat cells. Upon completion of germband extension, srp transcripts were detected in two sets of bilateral clusters of cells (Fig. 1) . By double labeling experiments using P[29D] as a cell marker for the fatbody cell lineage, we established that the clusters within the mesoderm are the progenitors to the fat cells (data not shown). The other clusters were present within the ectoderm and have not been previously described. The identity of these ectodermal cells is not known.
To explore the possibility that SRP protein is present in the progenitor fat-body cells and therefore may play a role in the transactivation of early fat-cell genes, we used immunohistochemistry to identified the temporal and spatial expression domains of SRP protein. Analysis of the expression pattern of SRP protein revealed SRP is present in several cell lineages ( Fig. 2) and overlaps with the cell-specific expression pattern of srp transcripts first described by . SRP protein was first detected in the primordium of the cephalic mesoderm and in the anterior and posterior midgut primordia at" the beginning of stage 5 ( Fig. 2A) . SRP continues to be expressed in the midgut primordia until mid-stage 12 ( Fig.  2B -G) at which time levels of SRP began to decline in the anterior midgut followed by a decrease in the posterior midgut (Fig. 2H) . By stage 13, SRP was no longer detected in the developing midgut endoderm (Fig. 21) .
SRP protein was also detected in the vitellophages starting at stage 5 (Fig. 1A ,B staining in the central region of the embryos) and continued to be detected in these cells until stage 12. At the beginning of stage 6, srp transcripts were also detected in the dorsal most region of the embryo that gives rise to the amnioserosa Hoshizaki, unpublished) . Little if any SRP protein was detected in this region of the embryo until stage 8, where SRP can clearly be detected in the nuclei of the i!' amnioserosa cells (Fig. 2G2) . The location of SRP to the nucleus is consistent with its role as a transcription factor. SRP persisted in the amnioserosa cells until dorsal closure ( Fig. 1D-G2 ) SRP protein is detected in the cell lineages of the hemocytes and the fat body. srp transcripts are first detected in the primordium of the cephalic mesoderm at stage 5 and persist in this region until late stage 12 Hoshizaki, unpublished) . SRP protein was also detected in the primordium of the cephalic mesoderm (Fig. 1A) . Hemocytes arise from the cephalic mesoderm (Tepass et al., 1994) . By stage 8/9, SRP protein but not srp transcripts, could be detected easily in the developing hemocytes as they migrated from the cephalic mesoderm (Fig. 2E ). SRP protein continued to be present in the cephalic mesoderm until stage 13 ( Fig. 21 ) and could easily be detected in the nuclei of the hemocytes throughout embryogenesis.
Upon completion of germ-band extension, srp transcripts were detected in the progenitor fat-body cells and in a set of ectodermal cell clusters ( Fig. 1 ). Shortly after detection of srp transcript in the progenitor fat-body cells, SRP protein could be detected in the ectoderm cell clusters and in the progenitor fat-body cells (Fig. 2H ). SRP was localized to the nuclei of the progenitor fat-cell clusters. SRP protein persisted in the nuclei of the developing fat cells (Fig. 1H -J) and was detected in the nuclei of the main body of fat cells and in the nuclei of the dorsal fat cells. We also detected SRP in the posterior set of lymph gland nuclei (Fig. 2J1 ).
Loss of srp corresponds to loss of several cell types
Our study of SRP distribution during embryogenesis demonstrated that SRP is present in the progenitor cells of several cell lineages including the progenitors of the fat body. To begin to understand srp's role during embryonic development, and to specifically test the possibility that srp has a role in the early fat-cell development, we characterized the cell and tissue changes in several srp mutants. Embryos mutant for a cytological deficiency of srp (Df(3R)sbd 1°5) or mutant for one of three alleles, srp 6G54, srp 91-°6, and srp p2s2 were examined for expression of two well-characterized late fat-body cell markers, Adh and DCgl, and for SRP protein.
Embryos mutant for either Df(3R)sbd 1°5 or srp 6G54, or srp 9t~6 lacked expression of Adh and DCgl in the fat cells (Fig. 3B,D) . Surprisingly, in srp e2s2 the fat body appears normal (Fig. 3C) . DCgl also serves as a cell marker for hemocytes (Mirre et al., 1988; Hoshizaki et al., 1994) . In all four mutants, DCgl expression in the hemocytes was absent. In srp t'2s2 where the morphology of the embryo is not greatly affected we find the hemocytes are missing.
We examined the expression pattern of SRP in the four srp mutants to further examine the role of srp in fat-body and hemocyte development. Df(3R)sbd 1°5 is a known deficiency for srp and, as expected, lacked any detectable SRP protein (data not shown), srp 6~54 embryos also lacked SRP at all stages of development (data not shown). In contrast, we found SRP protein was readily detected in srp 9u~6 embryos (Fig. 4) . The initial expression pattern of SRP 9L°6 was similar if not identical to the wild-type pattern. During germ-band retraction, however, there was a loss expression of SRP 9Las in the developing hemocytes. The hemocytes either did not differentiate or did not migrate from the cephalic mesoderm (Fig. 4A) .
In srp 9u~6 embryos, we could trace the defect in fatbody development. In wild-type embryos the precursor fat cells are derived from nine bilateral clusters of cells. At stage 11/12, wild-type SRP was detected in the fatbody cell clusters residing in segments t2, t3, al, a2, a3, a4, and shortly after in a5, a6 and a7 (Fig. 2H) . In stage-13 srp 9z~6 embryos, there was a gradual loss of SRP 9L°6 in the precursor fat-body cell clusters located in segments a5, a6, a7 (Fig. 4C ). This was followed by loss of SRP 9L°6 positive precursor fat-body cells in the clusters located in segments al, a2 and then a4 (Fig. 4E) . By stage 14, SRP was no longer detected in the fat-body cell cluster residing in segment a4. This was followed by a loss of SRP 9L°6 in the fat-body cell clusters residing in t2 and t3 (Fig.  4E,F) . By stage 14/15, SRP 9L°6 protein was no longer detected (Fig. 4G) .
srp P282 embryos were also examined, srp P282 appears to be a hemocyte-specific allele of srp. In srp e2s2 embryos, SRP protein was present in its normal wild-type pattern except it was absent in the cephalic mesoderm primordium and consequently the hemocytes are absent (Fig. 5A) . Considering the spatial and temporal distribu- tion of wild-type SRP in the primordium of the cephalic mesoderm, srp is likely to be necessary for the development of the cephalic mesoderm and consequently the differentiation of the hemocytes.
srp is necessary for the maintenance of the fat-cell lineage
srp plays an essential role in fat-body development. In Sam et al. I Mechanisms of Development 60 (1996) 197-205 Precursor fat-body cell clusters marked by P[29D] are present in segments t2, t3 and A4. P[29D] is also expressed in cells within the segmental grooves (arrow) due to a separate enhancer associated with the gpl50 (Tian and Zinn, 1994; Blackburn, 1995; and Hoshizaki, unpublished 
results). (B) Lateral view of a stage-15 P[29D]; srp + embryo.
s r p 9t'°6 embryos we initially detected SRP mutant protein in the progenitor and precursor fat-body cells. This is followed by a loss of SRP mutant protein and the absence of late stage fat-cell markers (Fig. 7B) . Based on these data, we cannot distinguish between the absence of late precursor fat-body cells or the loss SRP 9L°6 protein and the lack of expression of A d h and D C g l in these cells. The gross morphological changes incurred by loss of s r p make it impossible to determine histologically whether the late precursor fat-body cells are present. To distinguish between these possibilities and to determine which steps in fat-cell development are controlled by srp, we used the P[29D] enhancer trap as a cell marker for all stages of fat-body development (Hoshizaki et al., 1994) . and srp 6054 were examined at various stages of fat-cell development. The srp 6G5~ allele was chosen because it is a protein null allele. In srp 6654 embryos, progenitor fat cells and precursor fat cells appear normal and were identified by the presence of fl-galactosidase encoded by the P[29] enhancer trap. By stage 14/15, however, fewer early precursor fat cells were detected in mutant embryos compared to wild-type embryos (Fig. 6) . By late stage 15, precursor fat-body cells were absent in srp 6G54 embryos. The order in which the precursor fat cells were lost was similar if not identical to the loss detected in the srp 9t~6 embryos.
In wild-type embryos, fl-galactosidase protein from the P[29D] enhancer trap can easily be detected in stage 16/17 embryos. It is surprising, therefore, that in the experimental mutant embryos we did not detect flgalactosidase in the fat cells after late stage 15. The precursor fat cells may have undergone a change in cell fate or may be lost through cell death. In the experimental mutant embryos, we did not find any novel expression of fl-galactosidase that would suggest a transformation of cell fate. To test whether loss of the precursor fat cells is due to cell death, we examined srp 6a54 mutant for apoptosis. We found in mutant embryos an increase in cell death in the regions corresponding to the location of the developing fat cells (Fig. 7) . These data suggest that in srp 6c54 mutants, late precursor fat cells undergo cell death. Thus these mutants lack expression of late fat-cell markers because of the loss of late precursor fat cells rather than the inability to initiate transcription of Adh and DCgl.
Discussion
The role of srp in embryonic development
GATA proteins have been identified in a wide range of organisms from fungi to humans and are expressed in a cell-type and tissue-restricted pattern. These proteins are likely to play an important role as transcriptional activators in the development and differentiation of all eukaryotic organisms, srp has several important functions in the developing embryo, srp was originally isolated as an embryonic lethal mutation that alters the morphology of the larval cuticle, srp embryos appear twisted with the posterior end positioned on the dorsal side (Jurgen et al., 1984) . Subsequently, Reuter (1994) has showed that srp is a regulator of endoderm differentiation of the midgut. The midgut is derived from the anterior and posterior endoderm that invaginates and eventually fuses to form the epithelium of the midgut. The anterior endoderm originates from the invagination of the anterior tip of the ventral furrow, while the posterior endoderm forms from the internalization of the posterior pole of the embryo during amnioproctodeal invagination (Campos-Ortega and Hartenstein, 1985; Reuter, 1994) . srp embryos undergo normal gastrulation and form proper amnioproctodeal and anterior midgut invagination. However, the prospective anterior midgut cells acquire properties of the ectoderm foregut and the prospective posterior midgut forms a serially duplicated hindgut, srp is necessary for the differentiation of the anterior and posterior endoderm. Consistent with this observation, we detected SRP protein in the prospective anterior and posterior midgut cells. SRP was not detected in the epithelium of the midgut and likely does not play a role in late stages of midgut differentiation.
Drosophila GATA factors
In this paper, we present a description of the embryonic expression pattern of SRP and an analysis of srp's role during embryonic development, srp is one of three GATA-Iike genes identified in Drosophila (dGATAa, Winick et al., 1993 or pannier according to Rarnain et al., 1993 ; srp or ABF according to Abel et al., 1993 or T-A7.1 according to A.J. Lopez, pers. commun.; dGATA-1, referenced in Losske and Wensink, 1995) . The GATA transcription factors are a family of highly related type IV zinc-finger proteins that mediate high affmity binding to the consensus sequence (T/A)GATA(A/G). The Drosophila dGATAb or SRP contains a single zinc finger that is most similar to the C-terminal zinc finger of two-finger mammalian GATA proteins. Indeed, SRP is capable of binding to the GATA element found in the erthropoietin receptor promoter and recombinant mouse GATA-I protein can bind to the SRP binding-site sequence, Box A . Outside the DNA-binding domain, however, the sequences between SRP and vertebrate GATA factors are very divergent.
I. srp is necessary for progression through early steps of fat-body development
We have shown that srp plays an essential role in fatbody development. In srp embryos (except for the hemocyte-specific allele, srpe282), the progenitor and early precursor fat-body cells are still present. They can be detected by the P[29D] fat-cell marker and in the missense mutant srp 9L°6 embryos by SRP antibodies. The late precursor fat cells and fully differentiated fat-body cells, however, are absent as shown by the loss of late fat-body cell markers, Adh, DC81, and P[29D]. Thus, srp is necessary for the progression though the precursor fat-body cell stage but is not necessary for the establishment of the fat-body cell lineage.
The loss of precursor fat body cells in srp mutants is likely due to the process of cell death. We find that there is an increase in apoptotic cells that correlates to the loss of precursor fat-body cells. The death of these cells may be due to a block in fat-body differentiation, srp codes for a GATA-Iike transcription factor likely to be involved in Adh specific expression in the fat-body cells. Genes such as Adh and DCgl, are expressed in late precursor fat-body cells and are fat-body terminal differentiation genes (Hoshizaki et al., 1994) . It is possible srp is necessary for the transactivation of a collection of terminal differentiation genes expressed in late precursor fat-body cells. It is difficult, however, to directly establish srp's role in late stages of fat-body development as the loss of SRP results in the loss of fat-body cells before genes such as Adh and DCgl are expressed in these cells. We suggest that srp has an earlier role in fat-body development, srp may activate a set of gene necessary for fat-body differentiation within the progenitor or early precursor fat-body cells. This may involve the activation of a few early fat-body genes which, in turn, are necessary for the cascade of fatbody genes necessary for terminal differentiation. Alternatively, srp may function as a general regulator directly necessary for the activation of large battery of early and late fat-body genes.
srp is also necessary for development of hemocytes
Besides its role in fat-body development, srp is also necessary for the establishment of the hemocyte. Tepass et al. (1994) have described the origin of the hemocytes from the cephalic mesoderm. In srp embryos, the differentiated hemocytes are absent based on loss of DCgl expression. In the embryos homozygous for the hemocytespecific allele srp v2sz , we can histologically detect the absence of the hemocytes. These data together with the specific absence of SRP in the primordium of the cephalic mesoderm suggest that SRP is necessary for the development of the cephalic mesoderm and consequently hemocyte development.
Amnioserosa and germ-band retraction
The analysis of srp mutants using the SRP antibodies and other cell markers has allowed us examine one of the major morphological features of srp mutants, the failure of the germ band to retract. The mechanism(s) that drives germ-band retraction is not known. However, in the Ushaped group mutants that are required for maintenance of the amnioserosa tissue (Frank and Rushlow, 1996) there is a correlation between premature loss of amnioserosa and the failure to undergo germ-band retraction. The amnioserosa may serve as a flexible hinge between the dorsal edges of the epidermis and facilitate germband retraction (Ray, 1993; Reuter, 1994) . srp is a member of the U-shaped group. In embryos mutant for the null srp H°l allele, the amnioserosa undergoes programmed cell death and are absent by stage 12 (Frank and Rushlow, 1996) . We note, however, that in the srp 9t'°6 mutants, the amnioserosa cells are still present and the germ band still fails to retract. We have further examined the srp 9t-°6 mutants using a Kr-lacZ reporter gene that is active in the amnioserosa cells (Hoshizaki, 1994) . We find that in srp 9L°6 embryos, fl-galactosidase encoded by the reporter gene is still detected in the amnioserosa cells at stage 15 (unpublished data). These data suggest that there may be a subtle defect in amnioserosa cells of the srp 9t°6 embryos that results in the inability to retract the germ band. Alternatively, the amnioserosa cells may not be involved in process of germ-band retraction.
ABF (aka srp) was identified as a transcriptional activator of Adh-1 in larval fat-body cells . Based on the biochemical and molecular analysis, we predict that within the fat-body cell lineage srp is involved in the transcriptional activation of terminal differentiation genes such as Adh and DCgl. Our genetic analysis of srp mutants, however, reveals that srp is necessary at an earlier stage, srp is necessary for the maintenance of the precursor fat-body cells and their progression through the fat-cell developmental program, but not for the establishment of the fat-body cell lineage. Thus, srp has a similar role in fat-cell development as it does in the development of the amnioserosa. We suggest that the loss of the precursor fat cells in srp embryos is due to the inability to transcriptionally activate genes necessary for early fat-body differentiation. Experiments to further define srp's role during the early stages of fat-body development are in progress.
Experimental procedures
Analysis of whole-mount embryos
Whole-mount in situ hybridization and immunohistochemistry were used to detect cell-specific expression of Adh and Drosophila collagen type IV gene (DCgl), and fl-galactosidase and SRP protein, respectively, as previously described (Hoshizaki et al., 1994) . Adh and DCgl are well-established cell markers for late precursor fatbody cells and for differentiated fat-body cells (Hoshizaki et al., 1994) . DCgl is also expressed in the hemocytes (Mirre et al., 1988; Hoshizaki et al., 1994) . RNA probes were synthesized using a digoxigenin-labeled or fluorescein-labeled uracil triphosphate essentially as described by the manufacturer (Boehringer Mannheim, Germany). Apoptotic cell death was detected in wholemount embryos by staining with 5 #g/ml acridine orange as described in Abrams et al. (1993) .
Drosophila stocks
The deficiency stock Df(3R)sbd45/TM3,Tb was obtained from R. Abu-Shumays (University of California, Berkeley) and the amorphic alleles srp 6c54 and srp 9~ were provided by E.L. Ferguson (University of Chicago). Embryos carrying the deficiency Df(3R)sbd 1°5 or the EMS-induced alleles, srp 6G54 and srp 9t~6, have a distinctive morphological phenotype. The posterior end of the embryo remains on the dorsal side (Jurgen et al., 1984) . The P-element insertion allele of srp, l(3)neo45 AS282 (srp p2s2) was obtained from the Indiana Stock Center. srp v282 mutant embryos die just before hatching and their gross morphology is indistinct from wild-type. The enhancer-trap line P[29D] was obtained from Y.N. Jan and is described in Hoshizaki et al. (1994) .
Homozygous srp ~54, srp 9L°6, srp P2s2 embryos were produced from stocks carrying the balancer TM3fl chromosome that contains the lacZ reporter gene driven by the ftz promoter (Nambu et al., 1990) . Homozygous mutant embryos were identified by the lack of fl-galactosidase protein or lacZ transcripts after immunohistochemistry or in situ hybridization, respectively. During late stages of embryogenesis, sbd 1°5 embryos were identified by their distinct morphology, sbd 1°5 mutants were not identified at earlier stages, because they lack a distinct mutant morphology. Furthermore, TM3fl, lacZ could not be used because in trans with Df(3R)sbd 1°5, the transheterozygotes are not viable due to the presence of Sb on the balancer chromosome. Further details concerning the mutations and chromosomes used in this study can be found in Lindsley and Zimm (1992) and Flybase (1994) .
Generation of SRP-fusion protein and SRP antibodies
A cDNA clone of srp (a generous gift from T. Abel) was subcloned into pGEX-2TK (Pharmacia) and used to generate an in-frame GST-fusion protein containing amino acids 109 to 510. The GST-SRP fusion protein was purified using the Pharmacia GST-fusion System and sent to HRP Inc. (Denver, Pennsylvania) to generate rabbit polyclonal GST-SRP antisera. SRP antibody was affinity purified by a two step process: antisera bound to GST-SRP cyanogen-bromide coupled Sepharose beads were eluted with 10 mM glycine (pH 2.5) and then antibodies against GST were subsequently removed by passage through a GST glutathione Sepharose bead column.
